Passive mixing by applying geometric variations were studied in this research. In respect to the nature of laminar flow in a microchannel, the geometric variations were designed to try to improve the lateral convection. By doing this, the dispersion of solute was not only contributed by diffusion, but also, and more importantly, the convection in the lateral direction. Geometric parameters versus the mixing performance were investigated systematically in T-type channels, by applying a known computational fluidic dynamic (CFD) solver for microfluidics. Various obstacle shapes, sizes and layouts were studied. As the ratio of the height of obstacles to the depth of channel became negative, it was the special case that obstacles became grooves. The mechanism for obstacles to enhance mixing was to create convective effects. However, the asymmetric arrangement of grooves applied a different mechanism to enhance mixing by create helical shaped recirculation of fluids. The stretching and folding of fluids of this mixing mechanism provided a efficient way to reduce the diffusion path in microchannels. The mixing performance of mixers with obstacles were evaluated by mass fraction, and mixers with grooved surfaces were evaluated by particle tracing techniques. The results illustrated that both of the strategies provided potential solutions to microfluidic mixing.
INTRODUCTION
It is well known that the mixing of two fluid streams in a microchannel relies mainly on diffusion. Diffusion is a slow process, hence many researchers have investigated ways to improve mixing in microfluidic devices, dynamically 1, 2 or statically. Due to difficulties in fabricating and implement dynamic micro-mixers, a high performance static passive mixing strategy needs to be introduced. The principles of a static micromixer can be categorized into four types:
T-type micromixer: The T-mixer simply combines two or more fluid streams, which flow parallel to each other in the microchannel, and mixing relies purely on molecular diffusion.
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Geometrically splitting and recombining sub-streams: Geometrically splitting and recombining sub-streams can enlarge contact surfaces and small diffusion paths.
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Altering flow direction laterally: This method tries to create stirring (convective) effects by forcing one fluid stream into another.
8
Chaotic Mixers: Pattern anisotropic grooves in microfluidic chaotic mixers. 9, 10 These mixers can create circulation of the streamlines due to the transverse pressure component created by the anisotropic resistance to viscous flow. However, the obvious drawback for these mixers is the dead volume created by these structures. Serpentine micro-mixers could also create chaotic effects while Reynolds numbers were high (Re > 70) 11 .
In practice, these factors are not separated. In this paper, the authors provided linkages between these mixing strategies. By varying geometric parameters, the above mixing methods can be the special cases of obstacle variations.
METHODS
In microfluidics, there is lack of generally accepted experimental methods to measure flow field. Though some researchers delicately utilized particle imaging velocimetry (PIV) or laser Doppler velocimetry (LDV) to measure the flow field, these techniques are limited to particular applications.
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Fortunately, the majority of microfluidics is laminar flow, and the computational fluid dynamics (CFD) techniques are feasible for laminar flows, especially incompressible flows. Although CFD simulations can explain details about flow field and save time for the device design and development, general available CFD packages can not be directly applied for the purpose of simulation in microfluidic devices. In this research, a CFD package specially designed for microfluidics, MemCFD r v2001.3d from Coventor, was used to solve the Navier-Stokes equations for the flow in microchannels. Flow visualization was also performed with Coventor visualizer.
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The channels were meshed into 8-nodes hexahedral elements. The simulation was run as 3D, steady, laminar, Newtonian, with 2 fluids to evaluate the dispersion of one fluid into another. The inlets were assigned flow rate boundary condition, and all the channel walls were assigned wall boundary condition (velocity components in Cartesian coordinates: v x = v y = v z = 0). Diffusion coefficients were calculated according to their chemical groups.
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For all the studies, the T-type (or Y-type) channels were applied, with two inlets and one outlet. The length, width and depth of the main channels were 5mm, 200 µm and 100µm respectively. Simulations were performed on Win NT4.0 with Pentium III 800MHz CPU and 512MB memory.
RESULTS AND DISCUSSION

Enhance mixing with obstacles
In this research, we have been investigating how the obstacles affect mixing. The asymmetric layout of obstacles can enhance mixing and was reported elsewhere. 15 In this paper, we focused on different geometric parameters and investigated their influences on mixing. Mixing efficiency (equation 1) was used to evaluate the performance of the mixers.
where, m ef f is the mixing efficiency, c is the mass concentration distribution across the transverse direction at the outlet, c ∞ is the concentration of a complete mixing and c 0 is the initial distribution of the concentration before any mixing, l is the width of the channel.
Number of obstacles
The symmetric placement of obstacles does not improve mixing. Asymmetric layout of obstacles can enhance mixing, and the mixing efficiency increases with the number of obstacles ( Figure 1 ). The details of configurations can be found in previous paper. 
Size of obstacles
The configuration and the simulation results were illustrated in Figure 2 . The default unit was micron meter (µm). Two streams of fluids flowed from left to right along x-axis. All the parameters including flow rate were fixed, except the width of the obstacles. The height of the obstacles equaled to the depth of the channel. By changing width of obstacles, it changed the the degree of blockage to the flow. The velocity component that lateral to the flow increased, and so did mixing efficiency, when size of obstacles became bigger. However, at a certain width (point 1 in Figure 2 ) when the gaps between obstacles and wall equalized each other, the flow pattern became symmetric. And, for any symmetric arrangement, the mixing efficiency was poor. When the width of the obstacles continued to grow until it reached the wall, the configuration was similar to the serpentine shaped microchannels. 
Flow rate
When a certain flow rate (Re ∼ 1) was reached, the mixing efficiency stopped decreasing (Figure 4 ). For the optimized obstacle structures, i.e. the structures described in section 3.1.3, the mixing efficiency was even increased with the flow rate: 2 ∼ 1000nl/sec (Re < 5). As there was no chaotic effects observed from the flow pattern, the interpretation for this would be the increase of convective components in the lateral direction to the flow.
Height of obstacles to the depth of channel ratio
Figure (5) illustrated obstacles with different height in microchannels to create 3D convection. The height, h, of obstacles was one variable and width b = 280µm. Other parameters were the same as in Figure 2 . The most useful disturbance to improve mixing is the one perpendicular to the interface of two fluid streams. The full height obstacle proved to be most efficient. When the ratio of obstacle height to channel depth was zero, it was a channel without any obstacles inside and the mixing efficiency was obviously the lowest due to pure diffusion based mixing mechanism. However, when this ratio became 'negative', which indicated obstacles became grooves, the mixing was improved again. Grooved surface with angles to the flow direction are reported in the next section.
Microchannels with grooved surfaces
When the obstacles formed a corrugated structure on in microchannels, it was the special case studied by other researchers. 9 To be consistent with the terminology used in the literature, the authors used grooved surfaces to name these structures. When the grooves were perpendicular to the global flow direction, the mixing mechanism was the same as that of obstacles, and the result was shown in the previous section 3.1.5. However, the mixing mechanism is different in the channel with grooved surfaces not perpendicular to the global flow direction. The pressure component induced by the slantly grooved surfaces formed recirculation in the microchannel. In this paper, a particle tracing algorithm was applied to evaluate its capability to enhance mixing. The particle tracing technique places hypothetical particles in the flow field, and studies the trajectories of these particles.
It is an intuitive approach to track the fluid particles physically. In the paper, streak-lines and Poincaré map were investigated. In Figure 6 , the width and depth of the channel were 200 and 100 µm respectively, grooves were patterned 45 o to the x-axis periodically, and the width of each period was 200 µm with amplitude of groove to depth of channel aspect ratio α = 0.2. The definition of α and detailed configuration of structure can be found in reference. 
Streak-lines
In a steady flow the streak-lines of these particles and streamlines coincide with each other and can be integrated with the system of equations:
where the time t is treated as constant and s is a parameter. The streak-lines sampled from two fluid streams twisted into each other (Figure 7 ), indicating good stretching and folding due to the non-slip wall boundary condition of flow in a microchannel. The series of swirls along the the streaklines were created by the grooved surface, and main spiral shape of strealines indicated the helicity of the flow. This can be seen more clearly in section 3.2.2 where Poincaré map will be investigated.
Poincaré map
A passive particle is advected by the periodic velocity field and passes through a series of periodic planes in the system. For the mixer considered here the plane located at the exit of each mixing segment. All of the particle positions are transferred to this single plane, which forms the Poincaré section. The random distribution of dots on this plane indicates good chaotic mixing. In Figure 8 , 10 particles were chosen along the y-axis and advected 200 times in the periodic flow field to record this map. The regular circled shape of this Poincaré map indicated poor chaotic effect. Further studies indicated that the helical flow pattern was independent of the flow rate and was a function of geometric parameters. It may not create sufficient chaos, but with non-slip boundary conditions, the stretching and folding of fluid streams could still reduce the diffusion path dramatically, thus improve the mixing efficiency. So, patterning anisotropic grooved surfaces in microchannels could be a novel solution for flow at low Reynolds numbers (i.e. Re < 1). 
CONCLUSION
In the paradigm of microfluidics design, there are too many parameters to consider and too many functions to be integrated in a constrained area. One of the critical factors to be considered is the mixing unit. It can be built separately, but it is nicer to build the mixing unit(s) in-site in the microchannel. In this paper, the authors investigated ways to utilize structures, named obstacles, in the microchannel to improve mixing. Geometric parameters, such as number, size, orientation and height ratio of obstacles, were selected to be studied. The investigation of how flow rate affected mixing performance illustrated promising results that mixing efficiency remained or even increased with flow rate when Re > 1. It suggested that convective effects dominated mixing over diffusion. When the height obstacles to depth of channel ratio became 'negative', it was the well-known grooved chaotic microfluidic mixer. The authors evaluated the mixer with a different numerical approach, called particle tracing algorithm, and the results were presented. The results show that the flow in this kind of mixer was not chaotic, opposite what was claimed in others' reports. However, the recirculation or helicity of the flow could be induced by only the geometric structures of grooved surfaces in the microchannel. With the non-slip boundary conditions of viscous flow, the fluids would be stretched and folded along the channel continuously, the stretching and folding reduced the diffusion path dramatically and sufficient for a fast mixing. It is robust for the mixing of flow at a low Reynolds number (Re < 1).
Though the results illustrated feasible strategies for improve mixing in microfluidic devices, the theoretical understanding of the mixing process needs to be investigated further.
